INTRODUCTION
The Quake-Catcher Network (QCN) is an expanding seismic array made possible by thousands of participants who volunteered time and resources from their computers to record seismic data using low-cost accelerometers (http://qcn.stanford.edu/; last accessed December 2014). Sensors based on Micro-Electromechanical Systems (MEMS) technology have rapidly improved over the last few years due to the demand of the private sector (e.g., automobiles, cell phones, and laptops). For strong-motion applications, low-cost MEMS accelerometers have promising features due to an increasing resolution and near-linear phase and amplitude response (Cochran, Lawrence, Christensen, and Jakka, 2009; Clayton et al., 2011; Evans et al., 2014) .
Each volunteer computer monitors ground motion and communicates using the Berkeley Open Infrastructure for Network Computing (BOINC, Anderson, 2004) . Using a standard short-term average, long-term average (STLA) algorithm (Earle and Shearer, 1994; Cochran, Lawrence, Christensen, Chung, 2009; Cochran, Lawrence, Christensen, and Jakka, 2009 ), volunteer computer and sensor systems detect abrupt changes in the acceleration recordings. Each time a possible trigger signal is declared, a small package of information containing sensor and ground-motion information is streamed to one of the QCN servers . Trigger signals, correlated in space and time, are then processed by the QCN server to look for potential earthquakes.
Former studies analyzed the reliability of the recorded ground motions as well as the speed and accuracy of earthquake magnitude and location determination Lawrence et al., 2014) from QCN records. In Chile, ∼100 sensors were installed after the 27 February 2010 M w 8.8 earthquake to monitor its aftershocks . Trigger analysis found that sensor triggers were transferred from Chile to the QCN server in California, with an average latency of ∼5 s. More than 90% of the triggers arrived in less than 8 s showing promising results for earthquake early warning. In New Zealand, 190 sensors were installed in Christchurch after the 3 September 2010 M w 7.2 earthquake. Magnitude and location estimates were highly correlated with values obtained using the GeoNet strong-motion instruments . Other participant countries in the program include Taiwan (Liang et al., 2013) , France, and Colombia.
Since 2009, Mexico has participated as an autonomous member of the QCN program, referred to locally as the Red Atrapa Sismos (RAS), with the installation of ∼150 sensors (Fig. 1) . Given the economic and technological conditions, Mexico is an excellent candidate country for the installation of low-cost accelerometers for real-time earthquake monitoring. A large number of moderate to megathrust earthquakes occur every year along the subduction zone that borders the entire west coast of the country (Fig. 2) . These events pose a significant risk to the population of the entire country. For instance, in 1985 Mexico City was devastated by an M w 8.1 subduction zone earthquake, occurred more than 400 km from the capital.
In only two years, the number of seismic instruments installed as part of the QCN program in Mexico surpassed the number of seismic stations operated by the National Seismological Service (Servicio Sismológico Nacional [SSN]) array, which consists of ∼80 broadband stations evenly distributed across the country. Even though the resolution of the network is limited to earthquakes that generate strong ground motions, the reach of the array shows increasing potential for earthquake monitoring at low cost for countries with limited economic resources for seismic studies.
INSTALLATION
Sensors have been deployed mainly along the southeast coast and in Mexico City (the latest map showing the distribution of sensors is available at http://www.ras.unam.mx; last accessed December 2014). During the first stage of the project, sensors reported data to the main server at Stanford University located in California, U.S.A. In 2012, a mirror server was installed at the main campus of the Autonomous National University of Mexico in Mexico City to provide redundancies to the system and allow independent testing of the algorithms.
Sensors operate under either trigger or continuous mode. In the trigger mode, the sensor data are saved in a small ring buffer until the STLA algorithm declares a trigger. The host computer then transmits a package of information to the server with the sensor identification information (sensor id, latitude and longitude, type of sensor) and the trigger data (trigger time and maximum peak ground acceleration for four consecutive 1 s time windows). Sensors operating in continuous mode locally record ground motions in 10 min intervals, and the waveforms are transferred periodically to the central server. Continuous mode allows recording for uninterrupted collection of the data that can be used for building response analysis (Kohler et al., 2013) and non-real-time studies . Figure 3 shows the latency times for the RAS array in comparison with the latency times observed worldwide by QCN project. In Mexico, 90% of the trigger data reach the central computer within 8.1 s. Although in Mexico there is some delay in the transmission of the data due to slower Internet connections, it does not significantly affect the performance of the system.
The RAS consists mainly of 16-bit O-Navi sensors and a smaller number of 12-or 14-bit Joy Warrior sensors. 16-bit sensors provide a larger detection range, increasing the earthquake detectability in areas of low sensor density and for small earthquakes (M w < 4:0). Sensors have been installed mostly at public institutions, namely schools, colleges, governmental offices, and hospitals. Installation at public institutions seeks to foster understanding of seismology among the general public and students in addition to providing a reliable Internet connection during working hours. In some cases, local businesses such as hotels and resorts were included in the program given their proximity to the Pacific coast. The majority of these sites have been chosen through scouting trips along the Pacific Coast of Mexico and electronic requests made by members of the public through the RAS website.
For better performance of the array, sensors are fixed permanently to the ground with either epoxy or instant glue and then covered with a translucent acrylic box. This simple setup reduces false triggers caused by accidental bumps and enhanced the participant engagement in project in comparison to simply taping the sensor to the ground as was done at the start of the project.
SEISMIC RISK
Mexico is located at the southern edge of the North American plate where it collides with the Cocos and Caribbean plates. The subduction rate of the Cocos plate is between ∼50-100 mm=yr along the Pacific coast of Mexico, whereas the Caribbean plate slips near the southern border with Guatemala and Belize at a rate of 20 mm=yr. Therefore, seismic potential for damaging megathrust earthquakes along the Pacific coast increases from the southern border with Guatemala up to the triple junction between the Rivera, Cocos, and North America plate. Figure 2 shows the rupture zones from some of the largest earthquakes recorded during the past 100 years and the location of the earthquakes analyzed in this study. Notice the segment of the trench, known as the Guerrero Gap, where no large earthquakes have been reported at least since the first decade of the twentieth century. This segment is also at the shortest distance between the seismogenic zone and Mexico City posing a potentially elevated risk for the Mexican capital.
Population density in Mexico is mainly concentrated inland around the Mexico City area (∼20 million people), although some important cities exist along the coast, such as Acapulco, Mazatlan, Puerto Vallarta, and so on. Nonetheless, ground motions are highly amplified at regional distances as dramatically demonstrated during the 1985 M w 8.1 Michoacán earthquake (Campillo et al., 1989) . Human and economic losses from this earthquake still remain as the most devastating natural catastrophe in the history of Mexico. The earthquake, located on the Pacific Coast > 400 km southwest from the capital, caused seismic waves with dominant frequency that were trapped and amplified within the Mexico City basin (Anderson et al., 1986; Sánchez-Sesma et al., 1988; Singh et al., 1988; Ordaz and Singh, 1992; Kanamori et al., 1993) . The resonance of the basin caused the collapse of hundreds of 7-14 story buildings including modern apartment complexes and major hospitals.
Although large megathrust earthquakes have been historically considered the major seismic risk, intraslab earthquakes at the northern end of the subducted Cocos plate poses an increasing concern in the estimation of seismic hazard in central Mexico (Singh et al., 2014) . Garcia et al. (2005) shows that intraslab earthquakes produce high peak ground accelerations due to a larger stress drop in comparison with interplate events. Response spectra for interplate earthquakes as recorded in Mexico City show higher amplitudes in the 0.1-2 Hz frequency range, whereas recordings from intraslab events are dominated by higher frequencies, f > 2:5 Hz . Some consequences of the difference in the spectral amplitudes suggest that intraslab events represent a major risk for low-rise buildings (< 4 story) in comparison with the farther interplate events. These two types of events have now been recorded by the RAS array as discussed below.
16 JUNE 2013 M w 5.9 EARTHQUAKE On 16 June 2013, a moderate intraslab normal-faulting earthquake ruptured 112 km south of Mexico City with a magnitude of M w 5.9 as reported by the SSN. This earthquake is one of the closest such events to Mexico City ever recorded. The broadband CU station, located at the Universidad Nacional Autónoma de México (UNAM)-Institute of Geophysics, recorded the second largest peak ground acceleration (19.2 Gal) in the last 50 years, exceeded only by the catastrophic 1985 earthquake (Singh et al., 2014) . Intensities in the city were comparable with the intensities generated by larger (M w > 7:0) thrust earthquakes along the subduction in- terface. Ground shaking was widely described by the population as extremely strong. (Garcia et al., 2005) . This type of earthquake shows larger stress drops and amplitudes at high frequencies in comparison with intracrust earthquakes with similar magnitudes in this area .
At the time of the earthquake, most of the active sensors happened to be in the lake-bed zone of Mexico City. The resulting ShakeMap was released automatically 33 s after the earthquake, Figure 5a shows the ShakeMap obtained using the RAS network. Higher seismic intensities correlate well with the areas where amplified peak ground accelerations are expected due to the low-velocity properties of the near-surface soil. However, the resulting location and magnitude were not well constrained. The original algorithm used a 200 km correlation distance for the triggers. A posteriori examination of the results showed that the limiting distance was not sufficiently large to provide an accurate estimate of the epicenter location and consequently its magnitude. The detection algorithms were originally developed using relatively small source-station distances (10-100 km) and small events (M w ∼ 4-5) (e.g., Chung et al., 2011; Lawrence et al., 2014) . Thus, the performance was poor for the source-station distributions for this event. Figure 5b shows the revised ShakeMap obtained by rerunning the event retrospectively, using a maximum correlation distance between triggered sensors of 400 km. As a result, the accuracy in the location of the event significantly improved to within a few kilometers from the location provided by the SSN and reported by the U.S. Geological Survey (USGS).
APRIL 2014 M w 7.2 PAPANOA EARTHQUAKE
The 18 April 2014 M w 7.2 Papanoa earthquake ranks among the largest earthquakes recorded by the RAS array. It ruptured a segment of the Pacific trench, just northwest of the Guerrero Gap. The event caused moderate damage in the epicentral area and in Mexico City due to amplification of the seismic waves in the sedimentary basin that underlies the city. The Mexican earthquake early warning system successfully triggered an alarm in Mexico City, 68 s before the surface waves reached the capital. The event occurred during a major holiday in Mexico, Good Friday, which caused many of the computers located at schools and public offices to be out of service at the time of the earthquake. However, a sufficient number of sensors were active at regional distances and in Mexico City. The occurrence of the event under these circumstances provided an excellent opportunity to test the RAS array under a low level of volunteer participation. Despite the sparseness of the network, the system successfully estimated the magnitude and location. Nonetheless, a maximum correlation distance of 400 km was required to overcome the lack of near-epicenter sensors. Figure 6a shows the location of the sensors used in the inversion of the data and all sensors that reported waveform data to the RAS server hours after the event. Because of the large distance between the source and many of the sensors, it took a significant amount of time (over a minute) for the system to issue an initial location and magnitude for the event. However, the event demonstrated a robust detection for a 100 km sparse network. Figure 6b shows the maximum peak ground accelerations for the sensors used in the inversion of the data. Remarkably, data reported from the sensors located in the state of Colima and in Ciudad Guzman, Jalisco, ∼350 km northwest of the epicenter; roughly at the same distance as Mexico City, show accelerations that exceed the peak accelerations in Mexico City basin. Data from these sensors were not used in the original earthquake location due to the correlation distance limitation in the location algorithm. However, large acceleration records show evidence of possible zones where seismic hazard may be underestimated due to the lack of seismic instrumentation.
MAGNITUDE 8.2 EARTHQUAKE SCENARIO
The Guerrero Gap is a segment of the subduction zone along the Pacific Coast of Mexico well known for the lack of large ruptures in the past 100 years. It is believed to be the highest seismic risk segment in Mexico with the potential to produce an earthquake with a magnitude at least as high as M w 8.1. The rupture zone is ∼100 km closer to Mexico City than the damaging 1985 Michoacán earthquake, thereby it may induce ground motions in the Mexico City basin with amplitudes 2 or 3 times larger than those observed in 1985 for periods shorter than 2 s (Kanamori et al., 1993) . Furthermore, the port city of Acapulco, one of the main resort cities and commercial hubs of Mexico, lies on the edge of the seismic gap where large economic and human losses are expected in case of a rupture of this segment. Following Cruz-Atienza et al. (2011), we generated synthetic seismograms to test the response of the RAS array for an M w 8.2 scenario earthquake with these features by means of a parallel finite-difference code (Olsen et al., 2009) in a heterogeneous crustal model (Iglesias et al., 2010) . The fault area is 84 km long and 42 km wide and has a final-slip distribution stochastically generated using a spatial random field modulated by a von Karman autocorrelation function. Local rupture velocities (i.e., source rupture times) are variable and were determined as a function of local final slips with respect to a mean value of 2:8 km=s. Slip rate time histories are the dynamic-rupture consistent Yoffe functionals introduced by Tinti et al. (2005) . The hypocenter was fixed at 16.307°N, −99:240°W, and 7 km depth. There is an average slip on the fault of 2.0 m and a maximum of 4.5 m. Details on the source generation can be found in Pérez-Campos et al. (2013) .
We examine the simulated data from 93 stations, which correspond to the current configuration of the National Seismic Network and the Mexico City Strong Motion Array. Figure 2 shows the distribution of stations used in the synthetic model. White noise is added to each of the sensors to account for electronic noise and random perturbations. Figure 7 shows the simulated vertical component of the seismic traces generated. The data are fed into an offline version of the QCN software, which produces a hypothetical ShakeMap and location. Network delays are also included in the simulations based on the trigger time information collected during the past two years .
To test the possible outcome of the system in the event of a large rupture, we randomly select a subset of N stations from the original data set to emulate the fluctuations of the active sensors in the network. The RAS array depends heavily on the volunteer participation to keep their computers powered on and connected to the Internet. Additional misses may be caused by power and Internet disruption due to intense shaking near the epicentral area. By selecting an assemblage of 100 sets of N stations, we obtain a statistical test of the performance of the array as a function of the number of active sensors. Figure 8 summarizes the results of the test. The percentage of detections is the minimum number of stations needed for the system to correlate the incoming triggers as a possible event. In this case, the maximum correlation distance among sensor is set to 400 km to include triggers in areas such as Mexico City, where the sensor density is greater and strong shaking is expected. The rate of detection increases linearly as the number of N active sensors that trigger during the earthquake increases from a minimum of 5 sensors up to approximately 15 sensors; if more than 15 sensors record an event then the percentage of events detected is essentially 100%. Magnitude estimates fit well within one standard deviation from the theoretical value of M w 8.2 simulation. On the other hand, the hypocentral location of the event is shifted from the original position as a consequence of the large dimensions of the rupture. Latitude is generally well resolved within less than one standard deviation, even with a small number of sensors. However, the longitude estimate is biased northward of the scenario epicenter, likely due to the fact that no sensors are located south of the rupture area. Depth is overestimated by the location algorithm, which provides a mean depth of the rupture. The value of T dec indicates the difference between the theoretical start of the earthquake and the time to obtain an initial solution to the inversion algorithm. On average, the system reports the origin time of the earthquake ∼15 s after the actual time as a consequence of the error in the latitude and depth estimate.
A major challenge in the accuracy of the algorithms lies in the fact that predicted peak ground accelerations in Mexico City (and possibly other areas) greatly exceed predicted values by standard attenuation laws. The select simulation does not ▴ Figure 7 . Vertical-component simulated traces for an M w 8.2 scenario. White noise was added to each of the traces to count on the electronic noise of the sensors.
▴ Figure 8 . Performance of the array for the M w 8.2 scenario.
Red Lines indicate the theoretical latitude, longitude, depth, and magnitude used for the computation of the synthetic scenario. T Det is the difference between the calculated earthquake time and the hypothetical start time of the earthquake. The % detection shows the probability at which a randomly selected set of N stations yields a detection.
include such an effect, but it does provide a metric for the expected outcome for a large earthquake scenario.
DISCUSSION AND CONCLUSIONS
The RAS is a strong-motion seismic network that has rapidly grown in Mexico in the last few years. Unlike other strong-motion networks, the RAS array fully streams real-time data through the Internet and produces online intensity ShakeMaps within a few seconds of an earthquake. The capabilities of the system are found through an examination of the performance of the network during M w 5.9 and M w 7.2 earthquakes that occurred in the past two years and an expected M w 8.2 scenario.
The intraslab earthquake (16 June 2013) recorded by the array shows that maximum correlation distance drastically limits the location of the system in cases where there is poor or null sensor density around the epicentral area. By increasing the maximum correlation threshold (from 200 to 400 km), it was possible to improve the location and magnitude significantly for this event. Although intraslab earthquakes are relatively infrequent in comparison with the interplate earthquakes, they occur at closer distances to populated areas, which may pose an underestimation of the seismic risk in Mexico City (Iglesias et al., 2002; .
The Papanoa earthquake was a powerful event that was recorded by a relatively small number of instruments. The recordings from these events show significant amplification factors not only in Mexico City but also in other areas of the country where seismic studies have been limited by the lack of strong-motion instrumentation.
The numerical simulation shows the possible outcome for a large earthquake (M w > 7:5) the recurrence time of which is ∼30 years (Iglesias et al., 2002) . For the magnitude M w 8.2 scenario, the expected ground motions and location are accurately predicted by an offline version of the code. Although the location of the onset (epicenter) of the rupture was not properly resolved, it lay within the rupture zone. The response of the array shows promising capabilities for detecting a damaging earthquake using a sparse network with spacing between sensors of even hundreds of kilometers.
Performing a quick characterization of strong-motion accelerations can contribute to an efficient emergency response in the event of a major earthquake in Mexico. In particular, the deployment of a low-cost, real-time seismic network shows an important advance of the seismic monitoring capabilities of Mexico. Evaluation of the current algorithms shows the present configuration of instruments can produce reliable ShakeMaps in short periods of time. In addition, we observed that site effects do not significantly influence the location and magnitude estimation of events. Testing of the system using numerical simulation suggests a robust performance for large and damaging earthquakes. Bias in the time and location estimates comes from complexity of the source and an irregular distribution of sensors.
Although site effects in Mexico City are well known, and widely studied, large amplification factors may exist in other areas that are currently undocumented. The RAS arrays open a new opportunity to analyze site effects in areas of the country with no traditional seismic instrumentation due to lack of infrastructure and economic relevance for the country. Monitoring site effects plays an important role in understanding the propagation of seismic waves and for the correct design of the construction codes.
